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ABSTRkCT 


This work deals V7.1th the experimental investigation 
of two-phase flow of air-water mixture 3.t room temperature 
and pressures close to atmospheric in a series of 180 degree 
tends in a horizontal plane. The bends are imde of glass 
tubes of 11,6 and 16,2 mm internal diameter, vjith curvature- 
to-tube diameter ratios (D/d) varying from 6,18 to 22,4, 
Various two -phase flov^ patterns have been observed and 
pressure drops determined as a function of air and viater 
flow rates and curvature-to~tube diameter ratios, with 
annular flov; in all the bends. 

The flov/ patterns observed for tv/o-phase flow in 
180® bends are similar to those for horizontal pipes in 
tv/o-phase flov/. It is observed that the transition from 
one flov/ pattern to another is affected by diameter of the 
tube, curvature of the bend, v/ator flov/ rate and air flow 
rate. The pressure drop for annular flov/ has been corre- 
lated using Lockhart-Martinelli parameters and D/d ratios. 

It is found that for the flov/ conditions and the geometry 
considered in the present work, the Locldiart-Martinelli 
plot Can predict pressure drop within + 20^ accuracy* 


Compared with the Iioekhart-Ma.rtinGlli plot, the present 


results exhibit 


a slight dependence on liquid flow rates. 
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1.1 Iiitroduction 

Two-phase flo\7 is the sir-iultajieous flow of a 
mixture of tvro-phases. If the phase ,s are not of the same 
chemical composition, It is said to be a two-component 
two-phase flow. The flow of air-water mixtures falls In 
this category. Thus, the flov; of steam-water will he 
termed as single component two-phase flow. The terras adia 
batic and diahatic are introduced in two-phase flow in 
order to distinguish the case without heat transfer from 
that with heat transfer. 

Two-phase flow occurs in boilers, condensers, 
refrigerators, natural gas pipe lines, air-lift pujnps and 
nuclear reactors. However its occurence in nuclear reac- 
tors has attracted the attention of many workers recently. 
In order to design any of the above types of equipment, it 
is necessary to he able to predict the pressure drop, the 
void fraction, the density, the mexijiuuii flow j?ei'e , and 
heat transfer characteristics in pipes and ducts of 
various cross sections. 

In a general sense, dis.hatic Wo~phase flow is a 
coupled thermodynamic problem. A single component two- 
phase flow in a vertical or horizontal conduit can nrjver 
become fully developed. Furthermore, additional 
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complexities are introduced into tv/o-phase flovf phenomena 
by the hydrodynamic instabilities and the occasional 
thermodynamic non-oquilibrium between the phase Si 

Owing to the inherent complexities of the physical 
process in two-phase flov/, many variables are involved 
and therefore dj.mensional analysis yields very little 
simplif icatioji. In order to reduce a two-phase flow 
problem to tractable proportions, many simplified analy- 
tical and experimental studies have been conducted with 
some success. 

All the mathematical models proposed by diffe- 
rent investigators for the analysis and development of 
correlations for pressure drop, void fraction, flow 

patterns- etc, of two-phase flov/ fall in one extreme or 
and 

another/are thus approximate to the actual situation. 
Therefore, these models have been successfully used in 
correlating the experimental data onlj?" within certain 
limits of accuracy. However a good deal of empirical 
knowledge has been bujlt up .iai this field. The total 
number of experimental measurements of two-phase pressure 
drop is currently well above 20,000, half of which have 

( is) 

been obtained since 1959 » This continued accumula- 

tion of data demonstrate s that this type of flow still 
lacks phenoraenological understaiiding and thus forms a 
basis for further investigation. 
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1.2 Review of P 3 ?evlous Work 

The co-curreirb flovr of a gas an.d. a liquid 
(air-water) through a horizontal pipe is characterised 
by a number of different flow patterns describing the 
stru.cture of the flow. Figure 1 shows diagrammatic ally 
the various flov/ patterns as studied by Alves^"^^ who 
has described them as follows j 

"Assume a horizontal pipe vrith liquid flov/ing 
so as to fill the pipe and consider the types of flow 
that occur as gas is added in increasing amount". 

(i) Bubbly flow s Flow in vjhicli bubbles of gas move along 
the upper part of the pipe at approximately the 
same velocity as the liquid. 

(li)Plug flow ; Flow in which alternate plugs of liquid 
and gas move along the upper part of the pipe, 
Ciii) St ratified flow s Flow in which the liquid flows 

along the bottom of the pipe and the gas flows 
above, over a smooth liquid-gas interface, 
(Iv)Wavy flow s Flow which is similar to stratified flow 
except that the gas moves at a higher velocity 
and the interface is disturbed by waves trave- 
lling in the direction of the flow, 

(v) Slug flow i Flow in which a wave is picked up perio- 
^ ^ w ^ rapidly moving gaS to foimi 



a frothy slug whicli passes through the pipe 
at a lauch greater velocity than the average 
liquid velocity. 

(vi) Annular flow : Flov; ia v;hich the lio;uid forms a 

film around the inside v/all of the pipe and the 
gas flows at high velocity as a, central core. 

(vii) Annular Mist or Dispersed or Spray flow t Flow in 

which most or nearly all of tho liquid is 
entrained as spray hy the gas, 

Baker^^^ has prosanted a generalised plot showing 

the boundaries of the various patterns as functions of 

the raass velocities of the gas and liquj.d phases. He 

has also introduced correction factors which are func-* 

tions of the physical properties of the U-ro phases in an 

attempt to generalise t2ie plot.^ as most of the available 

data are for air-vrator systems at atmosphoric pressure. 

Two principal t- 5 n:>os of flow models have appeared 

in literature in tho analysis of void fraction and prG~ 

( 1_2 13 ) 

ssure drop, vis., the Homogeneous Model ’ and 

the slip indol ,l x ,14) ^ . ^ ^ 

♦The present vrork has been confined to tho annular flow 
regime so f8.r as pressure drop measurement is concerned. 
Therefore , Homogeneous Model cannot be expected to 
predict results of reasonable accuracy as in annular 
flow two distinguishable phases exist. Hence a discuss- 
ion of the Homogeneous Model is excluded. 



Lockhart and Martinelli^^^ .In thoir ''slip Kodol or 

separated Flo-'.r ilodel" presented a moderately successful 

correlation for two-phaso tuo-component flows:. The 

correlations (though originally de'volopod for Annular 

flow only) are applicablo for '/-/avy. Annular and Dispersed 

flow in a horizontal pipe around atmospheric pressure, 

; ( 17 ) 

and predict tho pressure drops to within + 6(^o . The 

correlation of Lockhart and Martinelli is a widely 
accepted one and the experimental results of tho present 
investigation will be compared vjith these predictions. 

The basic nostixlates upon which the analysis of 
pressure drop is based are : 

(i) Static pressure drop for the liquid phase must 
equal the static pressure drop for the gaseous 
phase rGgard.less of the flow pattern, as long as 
approciable radial static pressure differences 
do not exist. 

(ti) The voiuvio occupied by tho liquid plus the volumo 
occupied by the gas at any instant must equal the 
total volume of the pipe. 

These postulates infer that flow patterns do 
not change along the tube length and thus' slug flow' 
is excluded from consideration. Four types of flow 
mechahisms have been recognized depending upon whether 
the individual phases flowing alone in the pipe is 



7 


viscous or, turbulent. They are -i 

(i) Flow of both the liquid and the gas roay be turbulent 
(t“t flow). 

(ii) Flov/ of liquid may be viscous and flov: of gas may be 
turbulent (v-t flow), 

(iii) Flow of liquid may be turbulent and flo\'i of gas viscous 
(t-v flov/). 

(iv) Flov/ of both the liquid and the gas nay be viscous 
(v-v flow). 

The region 1000 He -< 2000 is a transition 


region. 


The ejcpression for the tv/o-piiase frj.ction pressure 
drop in terms of the single phase friction pressure drop of 
either component flowing alone is 


^"ZT^TPF " ^ AL ^GFF 

= 0 ^ 

AL bPF ^1 

where 0 is an empirical function of X defined as 


^ . ~ MLaPF'^''Si:'' GPF 

All the four types of flov/ have been dealt in (3), For 
turbulent gas flov/ and turbulent liquid flov/. 




g 


1 ■ 


X 
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and and 0^^^^ ,is rei.ated as 


0 


= 0. 


./ fx . , ( 2 - n )/2 f 


Itt " |J"tt J 

where n varies between 0,2 and 0.25, 

These results were later modified hy iiartinelli 
(o') 

and Nelson to the follov7.1ng expression for the two-phase 
pressure drop at high pressures % 


(-^2) 

AL''tPF 




^ L LO 

This was obtained as a result of the empirically 
determined relationship 


jJ zl ) 

XNL LPP 


(•^) 

'■ iV T ' 


(fl)l*75 


Z:^L'L0 


1.75 


Chenov/eth and Martin^ in their investigations, 
have measured the pressure drops for a wide range of two- 
phase flow conditions in horizontal pipes* The tests vre re 
made in 1.5 and 3 inch pipes using air and water at pressures 
from atmospheric to 100 psia. The best agreement with 
Loclchart-Martinelli correlation is found for performance 
at atmospheric pressure, The largest deviations are for 
data taken at 100 psia in the 3 inch pipe. In this case, 
the predicted pressure drop is higher than that observed . 
by a factor ranging from 1.4 to 2,6 ♦ 
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Hevritt et al have, however, fomd that the 

Lockhart-Martinelli correlations clo not adequately tales 

into account the influence of l.lquid mass velocj.ty and that 

the flow pattern certainly influences the values of the 

two-phase pressure gradj.ent* 

( 18 ) 

Dukler et al have systematically compared the 
existing correlations of txTO-pliase flow frictional pressure 
drop and void fraction* Out of a^hout twenty five correla- 
tions for pressure drop that have appeared in literature, 
they compared against one another, five of the most v/idely 
used correlations. The Locldiart-Martinelli correlation, 
the oldest of the five tested, shovrs the test agreement with 
a set of carefully collected eicpe rimental data on pressure 
drop, 

( 11 ) 

Levy has postulated a "Momentum Exchange Model" 
on the basis that the exchange of momentum between the liquid 
and the vapor (whenever x , , or varies) tends to 

maintain the sujn of frictional and head losses equal for the 
two-phases. Correlating the above in mathematical form he 
derived Bernoulli type momentum equations which reduce to the 
following expression for two-phase pressure drop, 



(P) 

^dL'^LO 


(l-x) 


1.75 


(1-oC)' 


The above expression is Independent of mass velocity 
(G) and the geometry of the cha^ (^e^ • The correlation 



has "been found to agree T-zell v;.1.th experimental results in 
horizontal and vertics,! test sectioxis (circri.lar) with and 
without heat transfer at pressures from 12 to 2000 psia. 

The predictions are 20^1 helow the values measured, 

( 14 ) 

The modification, suggested hj'' Marchaterre to 
Levy's model, incorporates the mass velocity and diameter 
effect into pressure drop aquations. Assuming that the 
liquid phase pressure drop can be expressed in terms of some 
apparent liquid friction factor f^ and equivalent pipe dia- 
meter ? then, 

‘■dLlpF (l-cC)2 

and for single phase liquid flow, 


(. 4 £) 


^LO G 




Marchaterre obtained the empirical relation using 
Petrlck's data, 


d 

e 


( 1 ) 


= (1- dCJ 


LO 


^e 


Then substitution gives, 

(iE) - li— ^ (2£) 

^dL/LPP (1-0C7 ML/LO 

Now using Levy's postulate and the relation, 
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Marchaterre olDtalned the relation 



= (4E) 

ml^lo 


1— ■cjO 


2gc' ^ 




-LO 


Ct^ 


and for horizontal flow 


<^>TPF " '•^^.0 


U-x)_^ 
1~ OC. 


According to Karchaterre the theoretical predictions 

will deviate considerahly from experimenta,! data if the flov; 

pattern does not happen to he annular. Also, this forirrala- 

tion does not preclude the existence of mass flow rate effect 

in horizontal flow, since it is expected that changes In flov/ 

pattern can also cause changes in frictional pressure drop, 

( 19 ) 

Muscettola’s comparison of the above results 
have been suimnarized as follows s 

Levy’s correlation shows a limited agreement for 
the range of variables considered, v/hich can be attributed 
mainly to the fact that this correlation does not take into 
account a dependence on mass flow rate, and diverges as the 
quality approaches unity. 

Martinelli and I'Telsbn's correlation, which is not 
dependent on mass flow rate, shows a better agreement, 
however, the differences increase v/ith an increase in the 
mass flow rate, ^ 

Marchaterrels correlation give a very poor agree- 
ment with the experimental results, due to its large depen- 
dence on ths tuhe diameter, 
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Very fev/ papers have been puMJ-shod on two-phase 
flow in bends and curved, channels. Sekoguchi, Iv. , et 
have correlated the total pressure drop due to bends using 
the parameters 0^^ and X, which are aiialogiC 3 i.ly introduced 
from the Locidiart-Martinelli parameters for a straight tube. 
They have exhj-bited the correlation betvreen and X using 
the ratio of R/d as a parameter. Only 90® bends of 18.02 
and 25.70 nim diameter and R/d ratios of 5.02 and 2,36 v/ere 
used in their experiments, i^greement between experiment and 
theory is reasonable. 

The work of Boyce, B.H., et describes an 

experimental study of the flow patterns, liquid hold-ups, 
pressure gradients for the flow of air water mixtures in a 
series of helically coiled plastic tubes 1.25 •inch diameter 
and D/d ratios varying from 9.S to 96. The flow patterns 
observed for two-phase flow in helical coils are similar to 
those seen in horizontal two-phase flow, and occur in the 
same relative location on a flov/ pattern map. The Baker flov/ 
map, however, does not predict the flow pattern transitions 
seen in this study. At a given water flow rate, the air 
flow rate at which the transition from one flow regime to 
anothei’ takes place decreases v/ith decreasing coil dieimeter. 

The pressure drop and hold-up data, taken for these coils are 
adequately correlated by the liOCkhart-Martinelli relationships* 
This is in agreemeht with the findings of other workers in 
helical coil. Detailed effect of liquid flow rate and flow 



Pattern are observed in the results v/lien plotted using the 

Lockhart-Kartinelli co-ordinates* 

( *) 

Paleyev, 1. 1., et al^ investigated experimentally 
the motion of an air-^'/ater rn.i:K:ture at close-to-atmosi-^heric 
pressure and room temperature in elbows (90°) with rectan- 
gular cross-section for the ratio of the duct height h to 
the turning radius P within the limits 0.046 to 0,86, 

In these experiments they measured the total two- 
phase pressure drop in elbov/s. The two-phase flovr pressure 
drop was considered as due to (i) the total friction losses, 
and (ii) the local losses caused by deformation of flo\ir 
velocity fields in turns. Thus, 

, 

Where 

In single-phase flow f^^^ is a function of © 4 , 
of R/h and of h/b. In two -phase flow f, is additionally 
a function of the flow variables. By analogy with single- 
phase flow the friction losses in the elbow are r-^garded as 
being the same as. in a straight duet v^ith the given initial 
phase flow rates.:.,:.; , 
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The local resistance factor due to turning of the 

two-phase flow may he calculated from the following experi- 
mental expression 

_ 0«3B ”0,65 

ho/hoc = 1 + 270 Re„ 

This formula can be p\at in the form 

^loc ^^loc^^2 ^®1^ 

since the friction factor 


f« ^ two-phase flows, is a function of 

the same variables, it is possible to relate f-^oc ^fr 


by the expression 


^loG ^4 ^^loc^7c, 


= c f ■ f * whe re c - 80 
loc fr 


Thus, knowing the friction factor for two-phase 


flow in a straight duct and the local pressure drop factor 
for dry air, it is possible to ca.lculatG the total pressure- 


losses for a tvro-phase flow in a curved duct, 

■ /I 2 


( A p) = f „ 


zzs( i- + o f ) 

2?c <18 


Inspite of the large amount' o-f litGraturo in the 
area of two-phase flow, the iiiforniat ion is still scarcQ for 
pre ssure drop data for. annular; ^ dispersed flow 3.h 180® bends 
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Milch are practically encountered in design problems in 
connection with steam raising units, chevuical reactors, 
boiling water reactors, evaporators, and condensers, 

1,3 Scope of the Present Vfork 

The present work consists of the study of adiabatic, 
isothermal flovr of air-water in a series of bends (1S0°) with 
different radii of curvature and tube diameters. The object 
of the work is to make observations of the different flow 
patterns in two-phase flow and to measure pressure drop in 
two-phase annular flow in 180° bends,, (set up in horizontal 
plane) as a function of air and water flov/ rates and curva- 
ture -to-tube diameter ratios (D/d) . 

The range of experimental variables covered is as 

follows s 


Air flo\r rate % Ranging from 5 to 25 kg/h 
Water flow rates 22,62, 113.1, 226,2 and 339,3 kg/h 
Temperature of air s 37 to 
Temperature of water s 35 to 37°C 
Pressure s 1 to 2 atm. absolute 

Geometry of bends under study : 

Test Section "|Diaraeter of tube, 

^ — -X- ^.d_]3ffi] 

1 J 260, 200, 1122.41,17.24 

100 |13.79, 8.62 

' '■■■ H ■ i' ■ ■ ^ 

2 . ii 16,2 ^ - ^ !i 2.60, 200 516,04,12.35 

• | \ V i 160, IGO I 9.88, 6,18 


piameter of cur-^1 ^ 


In addition, the present work is intended to check 
whether some of the correlations proposed for annular flov;, 
can he raeaningfully extended to these flow conditions and 
also to compare the present results against Lockhart- 
Martinelli plot***^^ and that of Sekoguchi et al^^^\ 
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2,1 ApparatAis 

A schematic diagram of the appara.t'us for the present 
study is shown in Fig, 2, The apparatus has been fabricated 
so as to accomr.iodate a change in the test-soction when 
necessary. Photographic views of the apparatus are shown 
in Figs, 8 and 9« 

Air delivered from a two-stage reciprocating compre- 
ssor, is dried by passing through a chamber containing silica- 
gel, It is then passed in succession through a px’essure 
regulating device, orifice plate , flovr control valve and 
nonreturn valve, after which, it flows into the air-water 
mixing chamber. 

Water from main supply is passed, via a rotameter 
and flow control valve, to the mixing chamber. All the 
controlling valves are of the needle type. 

The air-water mixture from tlie mixer flows through 
the test section holder, to the test section (containing 
one straight piece and four ,180'^ bends of different curvatures 
but all of the same diameter) and finally to a drain. 

given below. 
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(a) Hljclng Chamber : 

The purpose of the mixing chamber j.s to mjoc the 

phases (air-water) thoroughly in proper proportiouj and to 

discharge the mixture at equilibrium condition into tho test 

sections. Figure 3 shours a detailed dra.wing of the mixing 

( 2l) 

chamber, vrtiich is similar to that used by Sugar et al . 

The unit consists of two parts s the inner part is 
the 25 rnm (G.I.) pipe having 24.0 (2 nmi size) drilled holes 
on its circumference over a length of 50 rnm. The outer part 
is in the form of a socket, threaded on the pipe forming an 
air tight enclosed annulus with the pj.pe wall covering the 
full length v/ith holes. i/Eitor flows through the inner pipe. 
Air flows first into the annulus and then enters the G.I., 
pipe through the 2 mm holes. It no\i mixes w.lth vrater in the 
ma.ln tube, forming the required two-phase mixture. 

(b) Test Sections (Figs. 5, S and 9) s 

Pyrex glass tubes of two diarators 11.6 and 1^6.2 irim 
were used for the tost sections. Out of the same diameter 
tube , one straight sect :i.on and four 180® bands of diameters 
100, ISO, 200, and 260 mm were made. Thus two sets (five 
each) of test-section \fore made using two different diameters* 
The bends were shaped using wooden patterns which had been 
pre-fbrmed. In these operations the error introduced due to 
the deformation in both diameter and the curvature were 
within +7^ and 3% re spe ct ivoly . : ■ 
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In each test piece tvro holes (2 miu dj.ariieter each) 
were made usinc^ a hot Tungsten ;/iro , at positions shown in 
Figs. 5 and 6» Theso holes v/ero used to connect the test 
section to manoneters to measure the pressures and pressure 
drops in the straight section (of 700 ner length) as v/ell as 
bent sections. Entry and exit lengths for each test piece 
were provided as 30d and 15d respectively as suggested in (15) 
The recommendation of Sokoguchi, K., et for the entry 

and the exit lengths also fall well within the above values 
for the range of flow conditions considei'’ed in the present 
work. Further all the test pieces with the same, d. lame ter , 
were connected to make one test-section (as shotm in Fig, 6) 
using a straight section first and then hends in a decreasing 
order of radii of curvat.ure. In a test section, two test 
pieces were joined giving a perfect contact using fixing 
material and a piece of polythene tube having the diameter 
sufficient to hold the test sectioii(shovra in Fig.S). 

Connections to manometers were made by using 6 mm 
polythene tubes joined to tho glass vrith the help of fixing 
materials so as to maintain the 2 mm hole unobstructed. 

Thus in each test section there \;ore ten pressure tappings. 

chamber using a specially designed test section holder, a 
detailed drawing of which is provided in Fig* 4, 
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2,2 Instrumentation 

The jnstrumentation was sufr.1.c:i.ent to measure the 

flow rate 5 (both air and water) tempo rat'.ires and pressures 

at various points in the flow. 

For i'/easurins the water flow rate, a. rotameter of 

capacity 0 to 2 gpm (Eroohs maho with least count 0,05) 

was connected in thp water line, before the rnixing chamber. 

The rotameter was calibrated by collecting and measuring 

the amount of water flowing through the rotameter for a 

known time. Ho difference in the calibration was noted. 

For aj.r flow raeasurer.ient , an orifice meter vras 

fabricated’*' a.nd used as specified in the ASilS Power Test 
(9) (XO) 

Code and also . The d.iametersof the pipe and the 
orifice were 39,89 mm and 11.97 mm respectively. The 
measured air flow rate was found to range frora 5 to 25 
kg/h. The flow is turbulent in the test section at all 
the measured flows. The error involved in this measure- 
ment is v/ithin + 

The ejcpression gi.ving the air flow rate through 

the orifice meter is 
. r 1 1/2 

mg = 8160,19K U^^P/TJ kg/h. 

The constant K j.s rela,ted to flow Heynolds number as 

(9) 

given by Table 1 below ♦ 

* The orificemeter was designed and used by Mr. J. Twg-ary for 
- ^ Author is grateful t o him for 

sparing the same. 
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Tmj, 1 

Dependence of K on Reynolds Number 


Re 

IC 

Re 

K 

500 

0.6405 

10,000 

0 • S0S4 

1000 

0,S276 

15,000 

0.S045 

2000, 

0.6186 

20,000 

0.S03S 

3000 

0.S145 

25,000 

0,6028 

4000 

0.6121 

50,000 

0.6010 

5000 

0,6105 

. 10^ 

0.5997 

6000 

0.6093 

10® 

0,5976 

8000 

0.6076 




A. pressure regulating valve (ma’:e M/s. Drayton 
Greaven Ltd.) was connected in the air supply line before 
the orifice meter in order to provide different flow rates 
at constant pressure (sho\m in Fig. 8(a) and (b)). The 
constant pressure thus maintained upstream of the orifice 
plate x^as 20 psig. 

The temperatures of the air, x</ater, and air- 
water mixture were measured with the help of niercury- 
in-glass thermometers (least count being 0,1®F) . 

The st 9 .tic pressui-e and pressure drop in the 
orifice meter were measured respectively with a pressure 
gauge (Reise make xnith least count 0,1 psi) and an 
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inclinGd inaiiornetor (D\-/yor raalfo ns-ing rod oil of spoc.i.flc 
grav.i.ty 0,025) w.i.th a loast count of 0,02 .inch of water 
( shown .in Fig , 8( b ) ) , 


The prossuro headers (Figs. 7 and SCc)), one 
tho high pressure s.ide and one for the low pressure s 
were used .in order to facilitate the handling of the 


for 


j.de 


ten 


pressure tappings by a single nanometor and also to drain, 
the v;ator from the pressure connections. Out of ton 


pressure t8,pp.ings in each tost sectj.on.^ f.ivo high ’erossure 
tappings were connected to tho high pressure header and tho 
low pressure tappings to the lovr pressure header, (as shown 
in Fig. 2) using one selector valve of needle type in each 
line so that only two could bo selected at a time for the 
manometer reading. On the other hand, the headers were 
connected to manometors through valves. For the measure- 
ment of static prossuro at the entry to each test p.iece a 
U-tubo mercury i.san.oro.etGr (least count i 0,1 in. of Hg) 
v/as usod and for tho moasurement of pressure drop in the 
test pieces, a vertical manometer with rod oil (specific 
gravity 0,8245 least count 0,1 in. of v/ater) v/as used. 

Both the manomotors are Dv/yor rnalcG, 

The pressujre connoctions, upto a certain length 
starting from the tost section, wore maintained horizontally 
( shown in Fig. 9) as the test section and the ho ader were, 
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tnountod at a higher lovel. The inaiiomotGr connections were 
maclGf at tho top of the header, ill those, helped jj.i tho 
accuracy of the measurement and also to avoid the conta~ 
mination of ’'j-ater with rod oil in tho manometer, 

2,3 Test Procedure 

The procedure followed v/as essentially the same 
for oach test section. Before taking any reading it was 
assured that there was no leakage in any section of tho 
set up starting from the pressure regulating valve to the 
drainage. In this connection the procedure followed was 
to raise the pre.ssuro in tho pipe line upto certain level 
(say 30 psig). Then the respective valves \^rere closed and 
the readings of the gauges and the manometers were obser- 
ved, If there vms any drop in tho reading, then the 
detection of the leaicage .in tho corresponding section was 
carrj.ed out by putting concentrated soap solution in the 
joints, and tho joints tightened until no more leai^ago was 
noticed. In some sections this procedure v/as repeated 
several times. Finally the system was assumed to be 
completely free from loal^age by the .Indtcatton of constant 
readings in the manometer and the gauges for a whole day. 

Care was taken to drain the vfater in the pressure 
connections from time to time during the tests to eliminate 
the chances of. its collectioii in the vertical portion of 
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the polothono comiGCtions for prossuAi noasiircmoiT’c , Thus 


errors that v/ould ari.se in the nianoiTiot rr roadJ.ng dvio to 
tho prosenco of wator colur-ii j.u t’lo vort.I.crJ. porti.on of 
the connoctj.oiis was avoidoc' and o.t the sariio time the chances 
of Water niixiilg with ■•’anomotcr llqu.l.d was oliminated. 

The tests for s.i.nglc! -phase flow were performed 
fj.rst, Tho comprossor was run to gain a certain pressure, 
before oponing its outlet valve. After opening tho flow 
controlling valve, tho pressure regulating valve was 
adjusted to give a part.lcul£),r working static pressure in. 
the orifice plate (20 psig v/as chosen) . Then a series of 


runs v;ere carried out ovor the full air flow range availa- 
ble to onablo the singlo-phaso friction factor for each 
test section to bo calcu-lated. Tho readings at any air 
flovr rate coiisj.sted of static pressure, and pressure drop 
at tho orifice plate and five static pressure and fj.ve 
pressure drop readings in the tost sect.i.o,a in addition to 
those for temnaraturGs. The rfia.d.lngs wore repeated for 
other flow rates covering the range, 

A set of 2 ?oadings were taken to calculate the 
pressure drop for viator alone, flouring in the test section. 
The flow rates of v/ater used were those necessary in the 
two-phase flow experiment. In this case a rotaraeter was 
used to measure the flow rate instead of orifice plate as 
used for air flow measure iiiGnt, 
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For t¥0"phasG flow pabtom sfiidios, at soloctod 
water flovr rates (0,1, 0.5, 1.0, and 1,5 gpm) a range of 
air flow rates wore used, in order to oltai-fi desired flow 
structures. Thus at a particular water flow rate, all the 
flow patterns were studied (as shovm in Fig. 1) by increa*- 
sing the air flov/ rate from a minimum so as to start with 
bubbly flow. 

The pi’cCGdure for the pressure drop tost consisted 
of setting up the desired air flow rate for a selected 
water flow rate so as to get fully developed annular flov/ 
in the whole test section. V/hon the conditions vraro steady, 
a full set of readings of air flow rate, v/a,ter flov; rate, 
pressures sind temperatures vrore taken. Manometer readings 
at the different test sections v;ere ta]ien one after another 
using the proper selector valves in the headers. The 
sequence follov;ed v;as to run a range of air flov;s at a 
nuvabor of selected vjator flow rates maintaining the flov; 
pattern in the test section fijced. 

The reproducibility of readings was checked by 
taking a number of repeated observations with each test 
section, in both single-and tvro-phaso flow after a few days 
interval. The flov; rates were maintained the same for each 
repetition.. 
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3,1 Single -phase Pressure Drop 

Plots of pressure gradient vs, flow reito v/ere 
propared for both componoiits of flou soparatol?/ for the 
bends and the straight portion. The singlo-iohaso friction 
factor for each bend as well as the straight portion u .c 
Calculated by using tlio expression 

f = ~AP/(/v^/2g^) (d/l)j 

whore 1 for a curved pipe was (7t/2)d. And the Reynolds 
number was calculated froE' tho expression : 

Re - vd /V /v= 4 d) 

where v = m/ (7^ /4)d‘^^/^the variables ra, Vj^and ^ talre 
the suffices g and 1 for the air and wator flow respectively. 

Tho fr.lct.i.on factor for Laminar flovj in normal 
straight sraootli pipe is given by 

f ^ " 64/Re 

■ >. t ' ■ ■ 

The Nlkuradso-Von Kapiiian oqu.ation correlates the data 
for turbulent flow in a straight smooth pipe as 
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1/ /fs = 2.0 109io(Re VTi)-0.8 
( 1 ) 

'Vhito ■ has davolopod an oxprossion for tlio 
friction factor for laTftlna.r in curvcO. channels. For 

lamj.nar flowp tho ihcro;:. so j.n prossnro drop in tho ourvocl 
pipe ovor tha-t in a str'i, j.ght pi-'-o ,1 s expressed in toriiis of 
tliG dirnonsionioss grouping 


Do 


RoCd/D)^'*^ 1 


The values of tho factor by I'diicli tho roslstanco of a 
straight pipe at the same Reynolds number must bo multi- 
plied is ' givon by . 



where Do is do fined as above. 

Tho transition from laminar to turbulent flow in 


a curved pipe occurs at a higher itoynolds number than 

for a straight pipe and is given by 

r- , , sO.45- 

(Ro)^ = 2300 [ 1.0 + S.6 (d/D) 1 

trahs h | 

The transition Reynolds number increases as the d/D ratio 

increases. 

With turbulent flow in a curved pipe, tho expro- 
ssion for the friction factor is given by as 
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f = 0.304 + 0.020 

c 

300 

/ 

3.2 Tvro -pha se . Pre s sii.ro Drop 

The •••‘C asured hotaX pressure greadient Is regarded 
as the siin- ot three coropenents : frictional, acceleratj.onal 
and gravitational. Thus, 

^ ^^^TPF ^'ET^TPh. ^dL^TPG 



.. . /'•IPn 

graorent, 


lo. order to correlate tl.'e frict.i.o...al 2^ res sure 
gradient, the raasured veiluo has to be corrected for tlie 
acoele rational and gr3.vitatronai head.. 

In. the present the accelerat.ion pressure 

is iioro sinc'i (i) there is no change of 
phase £Lnd (ii.) the tos'*" r;oct.1.on. of constant, cross section 
is usijd. Tlie co.n.trih‘'.‘':.lon of f . n c :).ntrifu.gal force to 
accoleratlon gradient i.-i the a3:i:l direction is zero (vhich 
can be seen fiT.r' rav.ie r-ltopes equation, rroj.’ single 'pbase 
f Ibv;) ♦ Its ccjitril'ui.i'vn ,iii the rno.iel direotio,ti has not 
been confjiderod in the prese.o.t erorl.: s.incs the d.l.ar.istsr of 
the tube is small .in compar.lson ’.'j.ith j.ts lengtli. 
MevGrtheloss the f r.I.ct.i.onal pressure drop in a curved 


tube is greater than .lii a straight tu’t^e of the same 
length because of cross f.lo¥ that has been observed at 
bends even an single.*phase f.lowi The gravitational head 

or static head pressure gradient, is zero aS test 

'dL'T^PG', ; If'-.' ■■po ;f, 2 

se e t ions ue re put hb rizont ally * 
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The compressibility effect of air due to pressure 
change is neglected as the present work is confined to 
very low pressures. 

Thus the frictional pressure gradient is equal to 
the measured total pressure gradient, i.e. 


dL TP 


= ( 


dP) 

dL TPF • 


The frictional pressure gradient values have been 


correlated in terras of the dimensionless parameters X, 0 , 


and 0^ as proposed by Lockhart-Martinelli 


,(3) 


y? = 

dL LPF 


(^) 

Ml GPF 


0^ = (^) 

1 dL 'TPF 


(dP) 

dL LPF 


0^'= 

g dL TPF 


(^) 

dL GFF 


dP 

The vuluo of two -phase flow and that of 


( 4 £). 


and for single-phase flovr are taken 

dL ^PP 


dL LPF 
from the test data. 



4.1 Results and Discussion 
(a) Rlovr Regime Test. -■ 

In these tests different floxj patterns, corres- 
ponding to those showi in Fig. 1 were j.denti.f ied. However 
bubbly flow occurred for a ver 3 !^ sjriall range of air flow 
rates corresponding to each water flow rate, do clear 
stratified flow was observed in the stuchies. Though slugs 
of ^-rater ’vere present in it, tlie.ir frequency was very low* 
The wavy flow pattern v/as contaminated with a spraj'' of 

water forming a wfavj’’ spray t 3 ''pe of flow pattern similar to 

(2l) 

that observed bj?' Boyce et al .in their Investigation, 

At low flow rates of water the annular flow was quite 
distinct as compared with that of high flow rate . In the 
later case the gaseous core was niixed vrith mist. This 
was probably due to the type of inaocing chamber used in 
the experiment. 

Visual observations revealed that the transition 
from one type of flow to another did not occur siiaulta- 
neously in all the bends and the straight portions of the 
test section. That means a flow condition may undergo 
transition only in a certain length of the test section 
contaln.1.ng one or even, ‘more bends and straight section 
but not in the whole of the section. At a particular 



v;ater flow rate, ‘the air flov? rate at irhich transition 
occurs deci’eases ''jlth increase in curvature, the tiihe 
diameter reraaining; constant, since centriiugai action i.s 
inversely proportional to the radius of curvature. For a 
particular curvature and water flow rate, the tra.nsitj.on 
occurs at lower flow rate of air as tute d.1,ai:ater ijeGrea,ses 
Also for fixed 'curvature and diaiietar of tu.he , the transi- 
tion occurs at lower flow rate of a.ir e,s ws.tor flow rate 
increases. In a curved pipe, the flovr .is also affected 
due to the centrifugul force aris.liig; out of changes in . 
the flow directioii. This causes the wovewent of bubhles, 
plugs, and slugs faster in the bends with higher curva.ture 
than in 3.ower curvature. At the same ti).ie eddies are 
formed due to the variable static pressure over the tube 
cross section of the bends. The existence of eddies in 
the cros-s- sect j.on .increases the flow of liouid frora the 
invfard to the outward, elbow surface. 

Figure 10 shows annul ai’ flow in ISO'^'-bend 
(D/d = 13,9 and d =11,6 mm). The photograph T-ras talcen 
from the top. It is seen that the liciuid layer on tlie 
outer surface of the bend is thicker than, tliat , at the , ■ 
inner surface. And also the. movement of the: gas' c 
faster in the Gurved section than in the straight 
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AIR FLOW RATE Kg/h 


FIG 1t<a) 
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AIR FLOW RATE Kg/h 
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for 0/d = 16 05 , d = 16 2 
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("b) S ingle “ph-^isQ Pressure Drop ~ 

The >3lo1 ot prossuir gindient vs 'll- flou lauo 
has been shown in ti 11(a) for straiji'^t tubes as well 

as for D/d ratios 22 41, 17 24, 13 7S auo S 62 for d=li 6mm 
It 3 s found as e-vucctod that trit’"' increasjiis j-adji s of 
curvature of ono bond, tht pressure g-adiont shift «» toi/aids 
that of straight tube This cuo to a decrease 3n centri- 
fugal effects v/3th increasing radius of iho band The slops 
of all the piessuro gradient curves i'^orossQ witn increase 
of air floi\r rate riguie 11(b) jigt^joso ts n similar plot 
for a test section vjth a = IG 2 mn and D/d = OQ , IG 05, 

12 36, S 88 and 6 11 The dlffeionce between these two 
plots is only jji the value of prossuro gradient which is 
expected to bo Jess in caso of higher axurieto^ tube 

The tneoTolical ana e pejian'^ntal viliies for fric- 
tion factors for venous Koynolds nu-ibei s for a straight 
tube and p bo sro shown in Fio 12 I 4.10 erperimontal 

results for benas are hxgnui by 10 to SCf,i taan theoretxcal, 
since the lubes are not hydraulically snooth aid comnorcial 
glass tubes aie not perfectly ciicul i decondly, tlioie 
may be sojae error (about + 5^) in tie an flovr moasured 
with the orlfjco nlato^^^^ The effect of this orror on 
friction factor and Heynolds uumbor has baon illustrated 
in the next socUon viz the error analysis. The results 
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for the strai£ t Uibo ar*- also iii£,i3r tian tlio data 

I t 

predjctea tnrov^n "Von raman eai:'ot30ii by 25/0 This djf'^o- 
rencQ js oquo. valent to a rol^tivc a-ougiiioss (€ /d) value 
of 0 003 at Ro = 3 X 10^ foi a stiair^-’t Th- r^^sults 

obtained for tho friotiou factoi ‘'U>ii.arjzed m Table 2 
Although rest of the s-^ pcrinoi h-x) resulus nave beei found 
to be higher than the tnQorct3cal values, a fev are loirar 
than the theoretical values by about 10-1^ * 

(c) Two -phase Pressure Drop - 

The results of t^/o-nhase ’Drossure drop moasurorents 
are given only foi amular flow in Pigs 13(a) and (b) , 
whore the noasured pressure gradient has boen plotted against 
tho air flow rate w3th wator flow rate aid D/d ratio as 
parameters Tho slooesof pressure giadienl- curves increase 
with the incieasG of v/ater flo i lato foi a particular D/d 
ratio • 

On Fif 1-', tlip corro‘'etin6 lln«-,s o_iginali 3 '’ roco- 
ramended by Locixiart and x artinQlli'*^*^ foi straight Horizontal 
pipes for turbulont-turoulont flo x alor^ ’ itb tho present 
work for straight tubes fox d Ciio'^ers 11 G and 16*2 mm* 
are shorn It is observed that t o present exearunontal 
values fall within 1^/ bolow ino Loc’nt.rt- artinelH plot, 

The results indicate ob'>t data for ^ach It^id flO'^ T>atG 
lie on a separate line with littld scstte*. 


This 



Suanary of friction factor-Sevnolds imiiter 
relaiJonsa ■ 0 for the bends and SLidight tube 
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Re 

^/d ^7d:=22,41 

|d=li 6 m S mm 

p7d=a7^4 p/u =13 , 79“ 

{ds^ll 6 mm 8d=ll 6 lum 
J 5 . 

1 

D7d=8,62 

d = 11 6 mm 

9893 

0 0301 

0 0314 

0.0296 

0,055^ 


0 0733 

13922 

0 0284 

0,0307 

0,0264 

0,0663 


0,0671 

17011 

0.0275 

0,02<^8 

0.0268 

0,0585 


0 0679 

19612 

0 0269 

0 0296 

0 0253 

0,0575 


0,0664 

20788 

0.0266 

0,0291 

0,0251 

0.0678 


0,0677 

22961 

0.0260 

0.0292 

0 0251 

0,0564 


0,0667 

24941 

0,0255 

0,0284 

0 0244 

0.0571 


0.0662 

26772 

0,0252 

0 0282 

0,0246 

0,05S4 


0,0659 

28482 

0,0253 

0,0283 

0 0243 

0,0572 


0 0666 

30098 

0 0249 

0,0279 

0 0241 

0,0657 


0,0648 

31628 

0 0247 

0 0274 

0 0230 

0 055^ 


0 0655 

33087 

0 0244 

0,0273 

0,0238 

0 0554 


0,0649 

34482 

0,0245 

0,0272 

0 0234 

0 0549 


0.0644 
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1 

j B/d = (Jo |i>/d=16 04 
ii d=16 2 uti 5d=lj 2 jiT 

.5 _ _ 5^ 

"p/d=l2' 35 

{d-l 2 -^1 
5 

jD/d=C 88’ 
0d=16 2 mm 

5 

TD/d=6 18 

H 

5d=16 2 nmi 

5 

7983 

0 0423 

0 0474 

0 05C2 


0 0771 


0 0899 

11239 

0 0074 

0 0466 

0.047S» 


0 0676 


0 0881 

13733 

0 0359 

0 04ol 

0.0452 


0 0370 


0 0843 

16835 

0,0347 

0 0389 

0 0423 


0 0048 


0 0791 

17 686 

0 0339 

0,0387 

0 0408 


0 0672 


0 0787 

19356 

0 0332 

0,0359 

0 0398 


0 0660 


0 0763 

20891 

0 0326 

0,0363 

0 0393 


0 0666 


0 0762 

22321 

0,0323 

0 0366 

0 0381 


0 0683 


0,0757 

23663 

0 0321 

0.0346 

0,0371 


0 0667 


0.0751 

24930 

0 0313 

0 0351 

0,0357 


0 0654 


0 0744 

26138 

0 0315 

0 0356 

0 0362 


0 0653 


0 0735 

27293 

0 0310 

0 0346 

0.0348 


0,0648 


0 0740 

28399 

0 0308 

0 0334 

0,0340 


0.0640 


0,0733 






d = 16 2rr\m 
for D/d = IS 05 
for D/d = 12 35 
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agroos vritli th-3 obscjrvaoion of Hov/ith ufc al' '* and Boyce 
( 21 ) 

et al tha.t the flow rata c.ffoct& Loclchart-Hartinelli 
rocommendation. 

Piguros 15(:.-.) and (b) sh-.'w tin rolat j.oiish.i.p bot^/oon. 

0-| and X for bent sections. The c.otto^ line is the Loc^chart- 

Martinolll plot. In these figures the ’'lot of Solcoguchi 

.( 20 ) 

rs.r\i‘\ r> /.a — i;: r*o a -p.-. ^ 


ot al 


for 90'^ bonds with R/d = 5.02 is also given for 


comparison. The prosont data for diffevont D/d ratios do 
not separate much from each othor at the flow rates involved 
in the exporijiiont . Also, as the present worl: does not fall 
in tho rango choson .ha (20) only a partial comparison 
between the two .Is possible, Hovrover it can bo conG.luded 
that for the present flow conditions and goometry of the 
tost section ^ LocMaart-Kartinelli plot correlate s tho 
pressure drop values with.ln + 20^ accuracy. As expected^ 
the values of 0^ docroaso v;ith iricroas.lng D/d ratios at a 
particular X and .increase with Z at a particular D/d ratio. 

Tho present experimental results wero limited to 
maJcimun] air and vrater flow rates of 25 kg/h and 340 kg/h 


rospocti.vely duo to tho unavajJ.abil.ity of sufficient air 
supply, Tho Gxusr,iraont was conducted at relatively low 
pressures (in the range of 1-2 atm) because of tho low 
strength of the pressure tappings. 



4.2 Error Ang.lj'-sis 

Errors $ 

(a) Systoniatic Error - Tho only s:\'’stoDatj.c error in. tlio 
GXporiniGnt ;'ay fee involved in the ir-.-iasurement of air 
flo\7 rate ■'oy orifiGo plato . Accordinr- to Stearns et 

this typo of nDGSurGr.r:n‘t nay carry an error 
of + j , l.’orcovor tho readings of orifice plate were 
compared with that of the available rotaneter for 
gasos. It was found that the orifice plato gives a 
flow’ rate value nearly lowei* than that of tho 
rotameter. This suggests that tho orifice plato 
readings might bo lovror thsui tho true values. This 
system error affocts directly tho evaluation of 
friction factor and idoynolds numbar. Also the plots 
vs. air flow rate might bo affocted, 

(b) Eaiidoni Error ~ 

(i) Error duo to moisture in tlii, air : The moisture 
content cf tho dry air (after "massing thiOugh. 
silica ,1ol) vrao rioasvu'od with tho help of relative 
humidity sensor (Honowoll mal:c). It was found 
that tho relative humidity was within IS'f.. at 
dry bulb tomporaturo of,100®F. Using 
Psji'chroriietric Chart the density of the sample 
of air was calculated. Thus knov/lng- tho density 
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of tho moisture freo air at tho above conditions 
tho error in the density of tho o.ir is about 1 $, 
This v/ill affoct friction factor, Reynolds 
number and air flow rate measurement, 

(li) Error in tho tomneraturo Ecasurement is 
. , 0.05 

+ 0.0515/> (- rr — x 100). Therefore the error 

^ I 

involved in /U etc, due to error in tempo rature 
reading can bo neglected, 

(iii) V/atar flow measurement by Rotameter ; I^o 

systematic error is made in this measurement as 
the rotameter was calibrated. And also tho 
random error involved is negligible asjfor the 
oxperii/iontal purposes, the rotameter was sot 
for some pro selected flow rates like 0,1, 0,5, 
1,0 and l.S gpn. Further, durJaig the test there 
was no sensible fluctuation of the rotametor 
readings, 

(iv) Error in tho moasuromont of idle diameter of tho 
test section : Since con”?.ercial glass tubes 
vrero used in tho tost, some -variation in tho 
diameter vras observed at the first decimal place 
in mm. However, the average mpasured diameters 
were takpn as 11,6 and 16,2 ram for tho ti70 tubes. 
Therefore, tho maxiraura orror introduced due to a 
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change in diamatar is 0, 01/11,6 ~+ This 

orvor affects friction factor, Il^ynolds nuinbar 
ate. 

In tliQ curved portion at some tube sections, 
ellipticity was observed du>.! to tho bonding 
operation, Tho n-axiniu’i’. error introduced due to 
noncircularity is of tho order of + 7^. This 
was decided by measuring the outside diameter of 
the curved portion. Hox-.over this error cannot 
be added to tho diamotor as tho appearance of 
ellipticity vms only at some places (not through- 
out the bond) . Again the equivalent hydraulic 
diameter is 0,92 times that of circular giving 
an error of 1.8^. But the proportional error 
in the pressiire drop and tlio friction factor is 
within Thorofore, a gross effect of 2/ duo 

to ellipticity has been accounted for, 

(v) Error in the dj.ametor of curvature of tho tends ; 
Tho error was of tho order of 3^^ 

jnclusive of that of the diarotor error in bent 
sections. This affects the length dhooiision of 


tho curved section* 
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(vi) Tho orror jiitroducod ia tho i,ios.surGmajit of tho 

length of straight SGCtioxi r ay to nogloctocl as it 
is of tho order of 0,2/700— + 0,03^;. 

(vii) ISrror in the manomotor roadJjag ; For single-phase 
flo\r moiasuromont, two r-anoniotors vroro used depen- 
ding upon tlio range of the readings. For readings 
holou 2” of water, tho inclined tube n’anomoter was 
used for which the* raximun orror oj-'pected .1.s of the 
order of x 100) 3^, And for manortietor 

readings 2" or above, tho vortical tube manometer 
was used, Tho maximum orror is of the order of 
X 100) 2,5^. 

Because of the fluctuation of pressure in 
two-phase flow, the error .ijivolvod in pressure 
moasuromont is much higher than that of single - 
phase flow. The final manonetcr I’cadjag was noted 
as the average of the fluctuation. The maximum 
fluctuation of + 0,4" of ’./ater for the range of 
5” and cbove was obsorvod. This inherent error 
of tho order of 8^ caniiot be eliminated since tho 
fluctuation ’,;as alvrays present. For tho higher 
flow rates of water tho fluctuation was oven 
higher than 0*8'’ of v/ator. However, tho error 
still lies v/ithln since tho pressuro drop is 
proportionately higher. 
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SstimatGs s 


Tho results of tho pro sent ^-ror': are as folLo’js t 


Ci) Air fiovj rate, in^. 

(ii) Singlo phase fr.lctio.(i ITactor, 

f = f dP/( / v^/SEc^] 

= [aP/(/'m|/2gg)] /4 )Va] 

(iii) Roynolcls mipbor, 

^®g = |^/^ vd // ij |= 4 mg / rC /« ^ 

( i v) Pro s sure g rad lout s , 

dP dP dp 

^ dL^TPF » 


(v) LocJchart-kartinolll paraii’.otors, 
X - U dP/dL ) j^pp/C dP/dL ) Qpp J 


1/2 


0-, 


^ 1/2 
(dp/ d L )gip-p/(dP/clL 


= [(dP/dL)5,pF/(dP/dL)GPFj 


•^ 1/2 


Thus tho errors involved aro ; 


A 


m 


g 


= + 


m 


g 


T. A(dPi, 

f L "' P lag 


Ohs 
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(+ 2.3^i + + 2 X 8::;. + 5 X + c) 

•• •i* tm •• 


j= + 24.v?a frr *r': -oo oi\ 


= + 24. 5^.. + + 2 ^ (i?-. :■’ ellM')l;.lcj-!rO 


c + .?r. .55:' 

Ml 

Pi r . ij/o 


for cu:*V':^r pcro.\on. 


■A 5^ - ( + . 4^4. s 

Re ^ i -55^ i i 


= ( + 8&: + iji + 3^) 


n + lOSa for straight 'iortioa 


+ lajH 

- 


for curved poition 


A (dP/dL) ^ A (dP) ,!2 s,/ a d 
-dP/dL" P ( I'-T^ 


s (+ 2.5J5 + + 1^^) 


a + 4,/!?^ for SjJigle -phase f\o\r iii straight 

portion 

* for s3.ngle-uhase flo-vr in curved 

-- ^x%Op 

portion 

a ( + ^ + 3^ + 1^) 


+ ICfu for tvro-phase flow in straight 
«•» 

portion 
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- + 'X2% for tv/o-phasso flow in curvod portion 

« lO'i 


..JkJL 

X 


r A (dP/dL) 


A (dP/dL) 


1 Mr.* «.-*•*.■*.**• 

dP/clL 

+ 

GPF 

— dP/dT”* 

LPF- 
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0 


S 


= i 

= i C+ 4.5',: + 4.5?:) 

- + 4 , 5 % in straight portioxi 
= + S 59^ 

4*5^ car VO d portion 

* r+ . Ai-/™ 

'• [_~ ’ ’ dP/dL 


h 




+ - 


ACdP/cTL) 


TPF 


dP/dL 


lpfJ 


= ^ (.t, ICf/- + 4,5/:^) 

= + 1,25% in straight portion 
= ^ r+l2i + 6.5/ "1 

L-i«.. -4.5:.J 

= J. O pE' 1 

X*nriC curved portion 

*" f * i^O/^ I 


4,3 Conclusion 

iSxporiLnonts have boon car'^iod cut to obsorva 
various two~pliaso flow pattorns and to dotoj’miiio pressure 
gradients only in the case of annular flow of air-water 
iQjjcture in a series of 180 degree bends made of glass tubes 
of 11.6 and 15,2 nun internal diamotor and D/d ratios varying 
from 6.28 to 22,4, 


I 
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Tho flow i^attorns obso'.'vjd for tvjc-phasc flow in 
180 dogroo iDonds arc siiiiilar to thoso soon in horizontal 
pipes in two-phaso flow. At a givjn wr.tor flo^./ratcj tho 
air flow rate at which tho transition fro-:; ona flow rogirae 
to another taJeas placo, rlocroaso.-; with c?.ocx’5asiAg radius of 
curvature, tho tulo dianotor roKainiug oo-.cstBnt . At a 
particular water flow rate, tho transition occurs at lowor 
air flow rato for ssnallor diapotor tuha than for larger ono. 
Also for fixed diainoter and curvature of tho tube, tlio 
transition occurs at lov;er flow rato of air as tho water 
flow rate increases. 

The pressure drops in bonds for aiinular flow are 
correlated using the Lockhart- :-'artinolli puraraetors. The 
correlation batwoon 0^ and X oSj illustrated by taking the 
ratio of D/d as a paraiaeter in tho nsinnor similar to that 
of Sekoguchi at al^^^^ . It is found that for tho flo;r condi 
tions and tho goomotry considered in the present v/ork 
Lockhart-I'tartinolli plot can predict pressure drop within 
20^1 accuracy, Tho effects of liquid flow rato are observed 
in tho results when plotted in Locldiart-IIa^tinelli plot, 

4,4 Suggestions for Further Wor3^ 

This exporimont can bo oxtonded for moasuromont 
of void fraction and heat transfer characteristics for tv/o- 
phasG flow. The above noasuromonts including pressure drop 
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